The majority (75%) of human breast cancers express estrogen receptor (ER). Although ER-positive tumors usually respond to antiestrogen therapies, 30% of them do not. It is not known what controls the ER status of breast cancers or their responsiveness to antihormone interventions. In this report, we document that transgenic (TG) expression of Wnt-1 in mice induces ER-positive tumors. Loss of Pten or gain of Ras mutations during the evolution of tumors in Wnt-1 TG mice has no effect on the expression of ER, but overexpression of Neu or loss of p53 leads to ER-negative tumors. Thus, our results provide compelling evidence that expression of ER in breast cancer may be influenced by specific genetic changes that promote cancer progression. These findings constitute a first step to explore the molecular mechanisms leading to ER-positive or ER-negative mammary tumors. In addition, we find that ER-positive tumors arising in Wnt-1 TG mice are refractory to both ovariectomy and the ER antagonist tamoxifen, but lose ER expression with tamoxifen, suggesting that antiestrogen selects for ERnegative tumor cells and that the ER-positive cell fraction is dispensable for growth of these tumors. This is a first report of a mouse model of antiestrogen-resistant ERpositive breast cancers, and could provide a powerful tool to study the molecular mechanisms that control antiestrogen resistance.
Introduction
Breast cancer develops and evolves as genetic and epigenetic alterations accumulate in the ductal epithelium, in which approximately 10-15% of the normal cells express the a isoform of estrogen receptor (ER, Clarke et al., 1997) . These changes initially give rise to precursor lesions such as usual or atypical ductal hyperplasias, which may or may not progress to in situ and then to invasive breast cancer (Allred et al., 2004) . This process of malignant evolution is promoted by the female hormone estrogen. In the end, two distinct types of breast cancer develop -75% of all breast cancers express ER in a few to nearly 100% of the tumor cells (ER þ ) and the rest lack ER entirely (ER À ; Allred et al., 2004) . The majority of ER þ tumors respond initially to antiestrogen therapies despite their high or low level of ER expression, but approximately 30% of them do not and have a poorer prognosis (Allred et al., 2004) .
It is not known what determines whether a breast cancer expresses ER, and it is poorly understood why approximately 30% of ER þ breast cancers do not respond to antihormone therapies Allred et al., 2004) . Most studies attempting to address these issues have been carried out using the few available ER þ human breast cancer cell lines and their xenograft models; however, clinical breast cancer is comprised of heterogeneous cells, including usually both ER þ and ER À tumor cells and cells at different stages of differentiation (Dontu et al., 2004) . Animal models would be very useful for deciphering the mechanisms leading to ER þ cancers and to antiestrogen resistance. However, only a few ER þ models have been made (Medina et al., 1980 (Medina et al., , 2002 Matsuzawa, 1986; Nandi et al., 1995; Rose-Hellekant et al., 2003; Tilli et al., 2003; Gattelli et al., 2004; Lin et al., 2004; Torres-Arzayus et al., 2004) . To our knowledge, ER þ tumors arising in the few genetically engineered mouse models have not been reported to either respond to or to resist antiestrogen interventions.
Wnts control many developmental processes including mammary morphogenesis and progenitor cell renewal (reviewed by Alonso and Fuchs, 2003; Chu et al., 2004) . Made as secreted glycoproteins, Wnts exert their biological effects by binding to their membrane receptors, the frizzled and low-density-lipoprotein receptorrelated proteins. As a result, b-catenin is stabilized, translocates to the nucleus and transactivates different genes depending on cellular context. Genes encoding components and transcriptional targets of the Wnt signaling pathway are mutated or deregulated in several types of human tumors including breast cancers (Ugolini et al., 2001; Hatsell et al., 2003; Bafico et al., 2004; Brennan and Brown, 2004; Klopocki et al., 2004; Milovanovic et al., 2004) .
Wnt-1 (Int-1) was discovered as a gene frequently activated in mammary tumors arising in mice infected with mouse mammary tumor virus (MMTV, Nusse and Varmus, 1982) . The MMTV-Wnt-1 transgenic (TG) model was created by overexpressing Wnt-1 using its endogenous promoter and the MMTV enhancer elements (Tsukamoto et al., 1988) . This unique construct leads to the expression of Wnt-1 in mammary buds during embryogenesis (Cunha and Hom, 1996) . This transgenes appears to cause expansion of mammary progenitor cells, since there is a significant increase in cells expressing putative progenitor cell markers (such as Sca-1 and keratin 6) and cells effluxing fluorescent Hoechst 33342 dye -the dye-excluding property has been associated with stem cells in the hematopoietic system (Goodell et al., 1996; Li Y et al., 2003; Liu et al., 2004) . The resulting tumors in MMTV-Wnt-1 TG mice also seem to arise from progenitor cells because the tumor cells also express Sca-1 and keratin 6, and because they contain heterogeneous tumor cells that share a common genetic mutation in Pten, implying a common progenitor (Cui and Donehower, 2000; Rosner et al., 2002; Li Y et al., 2003; Henry et al., 2004; Liu et al., 2004) .
In this report, we present evidence to suggest that there is a causal relationship between aberrant Wnt-1 signaling and ER þ mammary tumors, and that mutant p53 or overexpressed Neu, but not defective Pten or activated Ras, can suppress the expression of ER in mammary tumors arising in Wnt-1 TG mice. In addition, we provide evidence to suggest that tumors arising in Wnt-1 TG mice, although ER þ , are resistant to ovariectomy and to tamoxifen, but lose ER þ cells with tamoxifen treatment.
Results
ER and PR are expressed in mammary tumors and pulmonary metastases in Wnt-1 TG mice Using a commercial rabbit antibody against the Cterminus of ER-a in immunohistochemical staining, we detected positively stained cells in the majority of mammary tumors and their pulmonary metastases from Wnt-1 TG mice (ages 3-9 months, Figure 1a) . To verify the specificity of this antibody, we also stained normal mammary glands and two human breast cancer cell lines. As expected, staining was detected in heterogeneous patterns in luminal epithelial cells, but not myoepithelial cells, in normal mouse mammary glands; strong staining was detected in MCF7, an ER þ cell line, but not in CAL51, an ER À cell line (data not shown). We further confirmed positive staining in these tumors using a second commercial antibody against the Nterminus of ER-a (data not shown). Using both antibodies in Western blotting, we also detected, in all tumors from Wnt-1 TG mice, a specific band migrating at the same apparent molecular weight (68 kDa) as the stained band of MCF-7-positive control cells (Figure 1b) .
A faster-migrating band of approximately 46 kDa was also detected when an antibody against the C-terminus was used (Figure 1b, right panel) . Truncated variant messages have been reported in mice (Swope et al., 2002) , and an N-terminus-truncated ER variant (46 kDa), sometimes detected in human breast cancer cell lines, has been suggested to have a role in membrane functions of ER (Figtree et al., 2003; Li L et al., 2003) . It remains to be determined whether this is a true isoform of ER rather than a degradation product, and, if so, whether it has any biological function in these tumors.
Examining 22 tumors from Wnt-1 TG mice, we found that 19 expressed ER in greater than 5% of the tumor cells ( Figure 1c ) and were therefore defined as ER þ . Since tumor cells are heterogeneous in Wnt-1 TG mice, containing both epithelial and myoepithelial populations, we asked whether ER is exclusively located in epithelial tumor cells using coimmunofluorescent staining. Staining for ER was only detected in cells that also stained for keratin 8 (Figure 1d ), a marker for ductal epithelial cells in the breast, but not in cells positive for a-SMA (Figure 1d ), a marker for myoepithelial cells. Thus, ER is limited to epithelial tumor cells in Wnt-1-induced mammary tumors.
PR is a classical transcriptional target of ER; it is coexpressed in 96% of normal ER þ mammary cells in mammary glands (Clarke et al., 1997) . It is also expressed in 67-80% of ER þ human breast cancers, and predicts a favorable prognosis (McGuire et al., 1991) . Thus, we asked whether PR is expressed in tumors from Wnt-1 TG mice. Using immunohistochemical staining, we detected PR expression in at least 5% of tumor cells in 82% of tumors from Wnt-1 TG mice ( Figure 1a ). These data suggest that the transcriptional function of ER is intact in these tumors.
b-Catenin is a central regulator of Wnt signaling. TG expression of a stabilized mutant of b-catenin induces mammary tumors that bear similarities to tumors in Wnt-1 TG mice (Imbert et al., 2001; Michaelson and Leder, 2001 ). To our surprise, however, neither ER nor PR was detected in five tumors from b-catenin TG mice ( Figure 1a ; see Discussion for possible explanations). ER was also lacking (Figure 1a ) in all five mammary tumors arising in TG mice overexpressing c-Myc, one of the best-characterized targets of the Wnt signaling pathway.
Collaborating genetic alterations in Wnt-1 TG mice modulate the ER status of the resultant tumors Having found that ER is expressed in the majority of the mammary tumors in Wnt-1 TG mice, we next asked what might modulate the ER status of mammary tumors in Wnt-1 TG mice. Since it takes a mean time of 6 months for the first mammary tumor to appear in one of the 10 mammary glands in Wnt-1 TG mice (Tsukamoto et al., 1988) , additional genetic mutations are most likely required to form mammary tumors. Thus, we hypothesized that these additional genetic alterations might affect the ER status of the resulting tumors. We and others have reported several collaborating genetic changes in tumorigenesis in Wnt-1 TG mice, including mutations of H-Ras, loss of Pten or p53, and overexpression of Neu (Donehower et al., 1995; Li et al., 2000 Li et al., , 2001 Podsypanina et al., 2004) . When tumors that bore a Ras-activating mutation (G12E, G13V, Q61L and Q61R), determined by sequencing tumor DNA, were compared with those that did not, both ER and PR levels were similar by Western blotting (Figure 2a) . Therefore, activation of Ras does not suppress ER expression in mammary tumor cells that already overexpress Wnt-1. However, we were surprised to find that Ras-mutated tumors in Wnt-1 TG mice do (Sinn et al., 1987; Podsypanina et al., 2004) . Similar lack of activation of these two Ras effectors has been reported in tumorigenesis of hematopoietic cells, induced by expressing mutated K-Ras from its endogenous promoter in mice (Braun et al., 2004) . Thus, activation of Erk and Akt in vivo may require higher levels of mutated H-Ras that are only achievable by a stronger promoter, such as that of MMTV. Consequently, it is an open question whether activation of Erk or Akt will cause Wnt-1-overexpressing mammary cells to evolve into ER À or ER þ tumors. Pten is mutated in approximately 5% of human breast cancers, and is downregulated in 35-50% of cases (reviewed by Sansal and Sellers, 2004) . Loss of Pten is usually associated with ER À human breast cancers (Garcia et al., 1999; Perren et al., 1999; Shi et al., 2003) . We have previously reported that inactivation of one allele of Pten accelerates mammary tumorigenesis in MMTV-Wnt-1 TG mice, and 70% of the resulting tumors have lost the wild-type allele of Pten (Li et al., 2001) . To determine if loss of Pten alters the ER status of tumors in Wnt-1 TG mice, we examined preneoplastic and tumor samples from a cross of Wnt-1 TG mice and Pten heterozygous mice (Podsypanina et al., 1999) . Similar to the staining results from mammary glands from adult non-TG and Wnt-1 TG mammary glands, ER and PR were detected in hyperplasias in Wnt-1/Pten þ /À mice ( Figure 4i and j). Full-blown tumors that had not undergone LOH at the Pten locus also retained ER and PR (data not shown). Furthermore, ER and PR were still expressed in four of the five tumors that had lost the wild-type Pten allele (Figure 3a and b) . These results suggest that loss of Pten does not prevent ER expression in mammary cancers, consistent with another study examining ER expression in mammary lesions in Pten þ /À mice that do not carry a transgene (Shi et al., 2003) . Neu (HER2, ErbB2) is a member of the epidermal growth factor receptor (EGFR) family of transmembrane tyrosine kinases (Olayioye et al., 2000) . Its gene is amplified in approximately 25% of human breast cancers (Slamon et al., 1987) , and is inversely correlated with ER and PR (Konecny et al., 2003) , but the mechanism underlining this correlation is not known. We have recently reported that the Neu protooncogene collaborates with Wnt-1 in mammary tumorigenesis (Podsypanina et al., 2004) , and that it remains wild type in tumors arising in animals bi-TG for Wnt-1 and Neu (Podsypanina et al., 2004) , although it is somatically mutated to a more activated form in approximately 70% of tumors arising in MMTV-Neu TG mice that are otherwise wild type (Siegel et al., 1994) . Therefore, we asked whether ER is retained in preneoplastic and tumor lesions in bi-TG mice expressing both Wnt-1 and the Neu protooncogene. Similar to what was observed in Figure 3 Neu overexpression or loss of p53, but not loss of Pten, leads to ER-/PR-mammary tumors in Wnt-1 TG mice. Paraffin sections of mammary tumors from mice with the genotypes shown at the left were stained by immunohistochemical staining for the protein indicated at the top. Staining of mammary tumors from MMTV-Neu was included as a control. A Â 20 objective was used Wnt-1 or Neu TG mice (Figure 4c -f, and reference Wu et al., 2002) , both ER and PR were present in hyperplastic ducts, albeit heterogeneously, in nontumor-bearing mammary glands from Wnt-1/Neu bi-TG mice (Figure 4g and h). However, similar to tumors from Neu TG mice (Figure 3c and d and reference Wu et al., 2002) , but different from tumors from Wnt-1 TG mice, neither ER nor PR was detected in any of the four tumors from these bi-TG mice (Figure 3e and f) . Therefore, Neu prevents Wnt-1-expressing mammary tissues from evolving into ER þ tumors. P53 is mutated in approximately 50% of human breast cancers, and the pathway is probably disabled in even higher percentages of cases (Gasco et al., 2002) . Loss of p53 does not inhibit the expression of ER in normal mammary cells, since ER is expressed in p53-null mammary epithelia (data not shown and Medina et al., 2003) . Loss of p53 does not have a significant correlation with the ER status of human breast tumors, and 20% of tumors arising in mammary epithelia from p53-knockout mice express ER (Barbareschi et al., 1996; Medina et al., 2002) . To determine if germline p53 loss might modulate the expression of ER in Wnt-1 TG mice, we examined both preneoplastic and tumor sections from mice that were Wnt-1 TG/p53À/À. While retained in intraductal hyperplasias in these mice (Figure 4k and l), both ER and PR were undetectable in all five tumors we examined by immunohistochemical staining (Figure  3g and h) and Western blotting (data not shown). These results suggest that loss of p53, like activated Neu signaling, inhibits Wnt-1-expressing mammary tissues from evolving into ER þ tumors.
Wnt-1-induced mammary tumors continue to grow when estrogen signaling is inhibited
Approximately 70% of ER þ human breast cancers are growth inhibited by antihormone therapies, but the rest are not (Allred et al., 2004) . The mechanisms leading to antihormone responsiveness are poorly understood . Although activated Wnt signaling might be associated with a subset of ER þ human breast cancers, based on the correlation between reduced expression of secreted frizzled-related protein 1 (an inhibitor of Wnt signaling) and expression of ER (Ugolini et al., 2001) , it is not known whether these ER þ cancers are susceptible to antiestrogens. It has been reported that Wnt-1 can induce mammary tumors in mice that lack ER (Bocchinfuso et al., 1999) ; however, it is not known whether ER signaling is necessary for survival of the ER þ tumors that develop in ER-intact Wnt-1 TG mice. Therefore, we transplanted three ER þ mammary tumors from Wnt-1 TG mice into 15 nude mice each. When the tumors reached 0.7 cm in diameter, we divided the nude mice in each group into three sets and administered ovariectomy, daily tamoxifen or daily vehicle. We measured tumor size weekly and euthanized all recipient mice 4 weeks later. Both ovariectomy and tamoxifen failed to prevent or inhibit tumor growth (Figure 5a ), although the same dose of tamoxifen successfully inhibited the growth of control ER þ tumors in these mice resulting from transplantation with MCF-7 cells (data not shown). ER and PR were detected in the transplanted tumors before and after treatment with the vehicle control (Figure 5b and c) , eliminating the trivial explanation that the transplants do not have functional ER due to the lower circulating estrogen levels sometimes found in nude mice. Thus, we conclude that estrogen signaling is dispensable for growth of MMTVWnt-1-induced ER þ tumors. One of the mechanisms leading to estrogen-independent growth is that the transcriptional activity of ER no longer depends on its ligand, due to phosphorylation of ER (Le Goff et al., 1994; Kato et al., 1995; Pietras et al., 1995; Shang and Brown, 2002; Michalides et al., 2004) or to stabilization of its interaction with coactivators (Trowbridge et al., 1997; Zwijsen et al., 1997) . However, we found that both ER and its transcriptional target PR were expressed in far fewer cells in tumors from mice treated with tamoxifen than in control tumors or in donor tumors prior to transplantation (Figure 5b and c) , suggesting a different mechanism of resistance. The diminished ER expression must be due either to downregulation of ER expression in ER þ tumor cells or to selection against the ER þ subset of tumor cells. With regard to the first possibility, we found that tamoxifen did not downregulate ER in the adjacent normal ducts (data not shown), suggesting that the loss of ER in treated tumors is not caused by downregulation of ER expression by tamoxifen, consistent with reports in cultured breast cancer cell lines (Giamarchi et al., 2002; Cheng et al., 2004) . To confirm this in the tumor cells themselves, we examined ER expression in three sets of transplanted tumors that had been treated with tamoxifen for only 5 days, when the ER þ cell population would not yet be selected out. As expected, the percentage of ER þ cells did not change in that period (data not shown). Thus, we conclude that the antiestrogen resistance of ER þ mammary tumors in Wnt-1 TG mice probably does not result either from ligand-independent transactivation by ER or from suppression of ER expression in ER þ tumor cells, but rather from selection against the ER þ population, leaving the ER À cells actively growing.
Discussion
In this study, we demonstrate that TG expression of Wnt-1 in the mammary gland induces largely ER þ mammary tumors, while loss of p53 or overexpression of Neu, but not activating mutations of Ras or loss of Pten, lead to ER À tumors in these Wnt-1 TG mice. In addition, we show that tumors arising in Wnt-1 TG mice continue to grow in spite of ovariectomy or tamoxifen, possibly through selection against ER þ tumor cells. While rare in most tumors induced by other oncogenes or defective tumor suppressor genes, ER þ tumors predominate in Wnt-1 TG mice. ER signaling might facilitate Wnt signaling in transforming mammary cells -in fact, ectopic activation of estrogen signaling has been reported to enhance the transcriptional activities of the Wnt signaling intermediate bcatenin in colon cancer cell lines (Kouzmenko et al., 2004) . However, it appears that ER signaling is not absolutely required for Wnt-1 to induce mammary tumors. First, mammary tumors have been observed in male Wnt-1 TG mice (Tsukamoto et al., 1988) and in females that have lost exon 1 of ER (but retained the expression of a 61-kDa truncated ER isoform), although these tumors occur much later (Bocchinfuso et al., 1999) . Second, a small percentage of mammary tumors arising in Wnt-1 TG mice are actually ER À (Figure 1c Liu et al., 2004) . The rest of the tumor cells appear to be differentiated epithelial and myoepithelial cells. The presence of a small subset of tumor cells (tumor progenitor cells or cancer stem cells) that can self-renew and differentiate into cells of multiple lineages has been reported for several tissue types, including the breast (Pardal et al., 2003; Singh et al., 2004) , although the cellular origin of these cells or their hosting tumors has not been revealed.
Wnt signaling activates several downstream pathways. The best studied, the so-called 'canonical' pathway, leads to stabilization of b-catenin, which in turn forms heterodimers with members of the LEF/TCF family of DNA binding proteins and transactivates a number of transcriptional targets, including c-Myc and Cyclin D1 (Hatsell et al., 2003; Nusse, 2003; Brennan and Brown, 2004) . However, to our surprise, neither ER nor PR was detected in tumors from mice TG for bcatenin or c-Myc (Figure 1a ). The Wnt-1 induction of ER þ tumors, possibly through regulating progenitor cell self-renewal and multilineage differentiation, may require paracrine Wnt signaling or b-catenin-independent noncanonical Wnt signaling through Rho, JNK and PKC (Hatsell et al., 2003) . However, we cannot exclude the possibility that the tumors in b-catenin TG mice arose from a slightly different (probably more differentiated) population of mammary cells due to the use of a different TG promoter .
The loss of Pten does not abolish the expression of ER in tumors in Wnt-1 TG mice (Figure 3a) . It has been reported that ER is retained in breast lesions arising in Pten heterozygous mice that are otherwise wild type (Shi et al., 2003) , although the authors did not indicate whether the wild-type allele of Pten was lost in the epithelial cells in their lesions. Jointly, these data suggest that Pten loss may not suppress ER expression in mammary tumors or prevent transformed progenitor cells from differentiating into ER þ cells. Interestingly, Akt -which is usually phosphorylated and activated in other cell types when Pten is suppressed, and has been reported to suppress ER expression in cultured breast cancer cells (Faridi et al., 2003) -is not highly phosphorylated in mouse tumors that are Wnt-1 TG/ Pten þ /À with LOH (Li et al., 2001) , similar to what has been reported in some human breast cancers that have downregulated Pten (Shi et al., 2003) . Therefore, our data do not suggest that activation of Akt during the evolution to tumors in Wnt-1 TG mice leads to ER þ tumors.
Although H-Ras is mutated in approximately 50% of tumors arising in Wnt-1 TG mice (Podsypanina et al., 2004) , these H-Ras mutants do not have detectable effects on either the expression of ER or its function in inducing PR in these tumors (Figure 2) . Thus, H-Ras mutants most likely do not suppress ER expression in breast cancer or prevent transformed progenitor cells from differentiating into ER þ cells. This in vivo study is consistent with an earlier cell culture study, in which mutant Ras was found not to inhibit the expression of ER in MCF-7 cells (Sukumar et al., 1988) . Interestingly, ER is not expressed in mammary tumors induced by TG overexpression of an H-Ras mutant with no pre-existing aberration of Wnt signaling (data not shown). In addition to possible differences in cellular origin between ER þ Ras-mutated tumors in Wnt-1 TG and ER À tumors in H-Ras TG mice , there are other important dissimilarities between these two tumors, including levels of H-Ras expression and levels of activation of the Erk and Akt effector pathways (Podsypanina et al., 2004) . Thus, it remains to be determined whether ER À tumors will form in Wnt-1 TG mice if H-Ras mutants are expressed from a stronger exogenous promoter during the evolution to mammary tumors.
It is striking that either overexpression of Neu or loss of p53 causes exclusively ER À tumors in Wnt-1 TG mice. Several mechanisms may lead to altered ER status, including the cellular origin of cancer, direct modulation of ER expression by these secondary genetic factors and alteration of differentiation of transformed progenitor cells. It is plausible that additional alteration in Neu signaling and p53 functions may select different cells in the mammary gland to form cancer. However, the ER À tumors in Wnt-1 TG mice that either overexpress Neu or lose p53 seem to arise from the same cells as the ER þ tumors in Wnt-1 TG mice, that is, the progenitor cells . First, they contain both myoepithelial tumor cells and epithelial tumor cells, implying an origin from a bipotential cell Podsypanina et al., 2004; and K Podsypanina, unpublished) . Second, they harbor tumor cells expressing the putative progenitor cell markers keratin 6 and Sca-1 Podsypanina et al., 2004) . Last, the microarray gene expression profiles are remarkably similar between tumors from Wnt-1 TG/p53À/À mice and tumors from Wnt-1 TG mice that are otherwise wild type (S Huang, unpublished) . Collectively, these results argue against different cellular origins for these tumors.
It is also unlikely that lack of ER expression in tumors in Wnt-1 TG mice that either overexpress Neu or lose p53 is the consequence of direct suppression of ER by inactivation of p53 or overexpression of Neu. As stated above, ER-expressing cells are present in preneoplastic lesions in mammary glands in both Wnt-1 TG/p53À/À and Wnt-1/Neu bi-TG mice (Figure 4) , suggesting that these lesions do not directly suppress ER in Wnt-1-overexpressing cells. However, we cannot exclude the possibility that they may be able to suppress ER after these cells have evolved into cancer, or that other genetic events (such as ErbB3 activation; Siegel et al., 1999) that are preferentially selected for during tumorigenesis in these compound mutant cells may inhibit ER in cancer cells.
Since Wnt-1 appears to induce mammary tumors from progenitor cells and the transformed progenitor cells can both self-renew and differentiate into both ER À and ER þ tumor cells, it is possible that acquisition of another genetic alteration, such as overexpression of Neu or ablation of p53, might impair the potential of these tumor progenitor cells to differentiate into ER þ cells, thus leading to ER À tumors (even though, in precancerous stages, these genetic defects do not seem to totally prevent cancer precursor cells from differentiating into ER þ cells). Consistent with this hypothesis, tumors arising in Wnt-1 TG/p53À/À mice have been reported to exhibit less differentiation than tumors arising in Wnt-1 TG/p53 þ / þ mice (Donehower et al., 1995) ; the signaling network activated by Neu has been reported to have a role in regulating cell differentiation (Dai and Holland, 2003 A similar hypothesis has been proposed in a recent review article (Dontu et al., 2004) to explain human tumor resistance to antiestrogen therapies. We are currently testing this hypothesis in several mouse models, and additionally asking whether antiestrogen resistance in human ER þ cancers might also result from lack of ER expression in the cancer progenitor cells.
In conclusion, activation of Wnt-1 signaling induces ER þ mammary tumors, but additional genetic mutations can alter the ER status of the resultant tumors, possibly through restricting differentiation of tumor progenitor cells. These ER þ tumors are resistant to antiestrogens, probably because the ER À fraction of tumor cells can maintain tumor growth in the absence of estrogen signaling.
Materials and methods

Mice
TG mice expressing Wnt-1 (Tsukamoto et al., 1988) , the Neu protooncogene (Guy et al., 1992) , an N-terminus-deleted, stabilized mutant of b-catenin (Imbert et al., 2001 ) and c-Myc (Stewart et al., 1984) have been described, as have mice harboring targeted inactivating mutations of Pten (Podsypanina et al., 1999) and p53 (Jacks et al., 1994) . All TG mice were maintained on the FVB background, but Pten and p53 mutant mice were on mixed backgrounds of 129, FVB and C57/BL6. All mice were housed in specific-pathogen-free animal facilities, on a standard diet. Genotyping was carried out using PCR of tail DNAs (Tsukamoto et al., 1988) .
Antibodies
The following antibodies were used: purified rabbit antibodies against the ER C-terminus (Santa Cruz, #SC542) or the Nterminus (Novocastra, #NCL-ER-6F11), progesterone receptor (PR, DAKO, #A0098 for immunohistochemical staining; Santa Cruz , #SC-7208 for Western blotting), phospho-AKT (ser473, Cell Signaling, #9102), Akt (Cell Signaling, #9272), phospho-Erk (Cell Signaling, #9101 ), Erk (Cell Signaling, #9102) and b-actin (Sigma, #5441); purified mouse monoclonal antibodies against a-smooth muscle actin (a-SMA, DAKO) and bromodeoxyuridine (BrdU, Becton-Dickinson, #347580); and partially purified rat antibodies against keratin 8 (Kemler et al., 1981) , purchased from the Developmental Studies Hybridoma Bank organized under the auspices of the NICHD and maintained by the University of Iowa, Department of Biological Sciences, Iowa City, IA, USA.
Immunoassays
Tissues were fixed in 10% neutral formalin and processed as described previously (Li et al., 2001 ) to obtain paraffin sections of 4 mm in thickness. For immunohistochemistry, the sections were boiled for 15 min in citrate buffer, pH 6.0 (to unmask antigen epitopes). Endogenous peroxidase activity was inactivated by a 10 min incubation in 3% hydrogen peroxide, and subsequent steps were performed using Vector ABC and MOM kits and the Novo-Red substrate (Vector Laboratories) following the manufacturer's recommendations. To label cells in S phase of the cell cycle, BrdU (Sigma, #B-5002) at 100 mg/g of mouse body weight in saline was injected intraperitoneally 1 h prior to euthanasia.
For Western blotting, tumors were ground to powder in liquid nitrogen and lysed in the M-PER tissue lysis solution (Pierce) with gentle shaking overnight at 41C. The resulting supernatant (25 mg protein) was denatured using 2-mercaptoethanol, resolved on 10% polyacrylamide minigels containing 10% SDS and transferred onto nitrocellulose membranes, which were then incubated with primary antibodies and peroxidase-conjugated secondary antibodies (Jackson Laboratory) in tris-borate buffer/0.05% Tween-20/5% nonfat dried milk. The proteins recognized by the specific antibodies were visualized by a chemiluminescent substrate (Supersignal, Pierce).
Analysis of H-Ras mutations in tumors from Wnt-1 TG mice
The method has been described (Podsypanina et al., 2004) . Briefly, DNA was extracted from tumors from Wnt-1 TG mice and used for PCR amplification of exons 1 and 2 of H-Ras using two sets of oligos (mouse H-Ras exon 1: HRAS.F1A -5 0 -CCTTGGCTAAGTGTGCTTC-3 0 , HRAS.B1A -5 0 -CCA CCTCTGGCAGGTAG-3 0 ; mouse H-Ras exon 2: HRAS.F2A -5 0 -GGATTCTCTGGTCTGAGG-3 0 , HRAS.2B2 -5 0 -GGA TATGAGCCAGCTAGC-3 0 ). The resulting PCR product was purified and sequenced to identify mutations in these two exons. We have reported earlier that only exons 1 and 2 of H-Ras are mutated in Wnt-1-induced mammary tumors; other exons or family members of Ras are normal in these tumors (Podsypanina et al., 2004) .
Tumor transplantation and antiestrogen treatment
Tumors of 1.5 cm in diameter were excised from Wnt-1 TG mice, minced into cubes of 2 mm in size and injected subcutaneously using a trocar into female nude mice of 8 weeks of age. In all, 15 nude mice were transplanted for each donor tumor from Wnt-1 TG mice. When transplanted tumors reached 0.7 cm in diameter, the recipient mice were divided into three groups and given ovariectomy, tamoxifen or vehicle. Tamoxifen (Sigma), dissolved in peanut oil at a concentration of 10 mg/ml, was injected subcutaneously five times a week (0.5 mg/mouse). Tumor size were measured weekly. At 4 weeks after the initiation of treatments, all mice were killed, and tumors were collected for immunohistochemical staining for ER and PR.
